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Longitudinal magnetoresistance of uniaxially deformed n-type silicon

The study of Galvano-magnetic effects (as well as tensoeffects) in silicon under extreme conditions allows
not only to identify the mechanisms of these effects but also to identify the possibility of creating
gaussmeters, infrared detectors, sensitive strain gauges, amplifiers and generators of a wide frequency range.
The reliability of the mechanism of negative magnetoresistance was verified using uniaxial elastic defor-
mation of the studied crystals. Uniaxial deformation excludes interline transitions of electrons, as a result of
which negative magnetoresistance disappears with an increase in uniaxial pressure. When cubic symmetry is
violated, anisotropic phenomena occur in such crystals. The multipath of the isoenergetic surface of the bot-
tom of the silicon conduction band causes anisotropies of the effective mass and relaxation time, which are
associated with the features of the transfer phenomenon. In particular, magnetoresistance (piezoresistance),
which is the most sensitive to the anisotropy of the iso energy surface. The influence of the latter on
magnetoresistance is most clearly revealed in the region of strong magnetic fields, where the
magnetoresistance is saturated since the longitudinal magnetoresistance is entirely due to the anisotropy of
electron mobility.

Keywords: galvano-magnetic effects, piezoresistance, negative magnetoresistance, uniaxial pressure,
isoenergetic, multivalley model, valley crossing, silicon magnetoresistance.

Introduction

The longitudinal magnetoresistance of n-type silicon on crystals is investigatedd =n, =3,1- 10”cm™

in the temperature range 77-300K and the observed negative magnetoresistance due to interband transitions
of electrons in J|| H || [110].

The reliability of the mechanism of negative magnetoresistance was verified using uniaxial elastic de-
formation of the studied crystals.

Uniaxial deformation excludes interline transitions of electrons, as a result of which negative
magnetoresistance disappears with an increase in uniaxial pressure.

According to the classical theory, the magnetoresistance should be saturated in strong magnetic fields
when pH >>1, where (1 — electron mobility, H — magnetic field strength). To test this theory, we investigat-
ed the longitudinal magnetoresistance of n-type silicon in the case of J|| H || [110].

The isoenergetic surface of the bottom of the silicon conduction band consists of six ellipsoids of rota-

tion (energy minima) located along the axis of type [100] at a distance of K = 0,85K__ (Kkyay is the value of

the wave vector corresponding to the boundary of the Brillouin zone) from the center of the Brillouin zone.
These energy minima in silicon crystals at six equivalent points are sometimes called valleys [1].
The energy in the vicinity of the extreme point is related to the wave vector by the following relation:

— h_z (kx + kox)2 + (ky B kOV + (kz — koz)2
2 mH m, m,

where My;,M, — longitudinal and transverse effective masses of electrons, K,k ,K,,— coordinates of

the center of the ellipsoid, T =77,4K:my; =0,91Im;,m, =0,191m; m, — free electron mass, and the
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attitude % = 4,72 characterizes the anisotropy of isoenergetic surfaces. Thus, in silicon, the total electric
L

current comprises currents caused by carriers located in different valleys and, consequently, the total conduc-

tivity of the crystal is the sum of the conductivities of individual valleys.

If there are no external influences that violate the cubic symmetry of the crystal (for example, uniaxial
deformation, heating electric field, quantizing magnetic field), then the electrons are evenly distributed
across the valleys. In this case, the total conductivity of the crystal is an isotropic value, despite the aniso-
tropic nature of the conductivity of each valley separately.

Experimental and Results and Discussion

The saturation of the longitudinal magnetoresistance of silicon in a classically strong magnetic field
(uWH>>1), in the case of J|| H |l [110] is determined by the formula [2].

{p_H} :(2k+1)(k+1) (1)

Po k(k +5)

where p,, — resistivity silicon crystal in a magnetic field, py — specific resistance of the crystal in the absence
: My =<7y ~. : .
of magnetic field, K = ———— s the parameter of anisotropy (71,7, — longitudinal and transverse re-
m <7, >
laxation time, respectively).
Taking k=4.72, we make numerical estimates of magneto resistance

LA&J ~1315
Po sat

which gives a good agreement with the experimental values in the temperature range of 150-300 K
obtained on a sample with a concentration of current carriers N, =4,1-10'>sm™.
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Figure 1. Temperature dependence of the longitudinal magnetoresistance of n-type silicon for a sample with
Psooe =1500m-sm JMHI[110]T°K 1-77,2-102,3 - 150, 4 - 204, 5 — 240, 6 — 270, 7 — 300

LP_HJ =131
Po sat

<7, >

=l the interline scattering mechanism
<1y >

This indicates that in this temperature range k, =

dominates.
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However, with a decrease in temperature, the discrepancy between the experimental results and the
calculated ones increases, so, for example, for T = 77,4K , it reaches

V)_HJ —1.4.
Po sat

This is due to the contribution of the anisotropy of the scattering mechanism (in this case, acoustic pho-
nons, for whichk_ = 0,76) [3].

As can be seen from Fig. 1, in strong magnetic fields, in addition to saturation of magnetoresistance, the
manifestation of quantum effects is also observed. The latter, in turn, are associated with a number of fea-
tures, in particular, the redistribution of electrons between valleys having effective electron masses of

0,26m, and 0,422m, respectively, leading to the appearance of negative magnetoresistance. This phenome-

non was first experimentally observed in [3] in Germany when studying the longitudinal magnetoresistance
at 20,4 K, and its theoretical interpretation was given in the work [4].

We observed this effect on n-type silicon when studying both longitudinal and transverse
magnetoresistance (at 77.4 K) in the following cases HI[[001], HII[[110], which is caused by the redistribution
of electrons between valleys, that is, interline transitions of electrons.

Fig.1 (Curves 1 and 2) shows that the magnetoresistance after saturation has a decline area, which is as-
sociated with a multi-valley model of the isoenergetic surface of the silicon conduction band, and it can be
easily understood from the following.

In the quantum limit, due to the nonequivalence of different valleys relative to the magnetic field, their
bottoms in the magnetic field rise differently due to the different effective mass in these valleys and the
migration of electrons from the upper valley to the lower ones begins, as a result of which the conductivity
increases, that is, the resistance decreases and a decrease in the magnetoresistance curves is observed.

The complete migration of electrons from the upper valley to the lower ones is carried out only in the
ultra-quantum region (whenAwy < 3kgT),

. L e-H : .
where h — is the Planck constant of division by 2n , @, = —— ,e — is the electron charge, H — is the mag-
m-cC

netic field strength, m is the effective mass of the electron, c — is the speed of light, kg — is the Boltzmann
constant, T — is the absolute temperature) only a part of the electrons moves.
Electron migration between valleys at H-400 kOe reaches

N _os1.
n;

Thus, the results of the experiment in n-type silicon clearly demonstrate the reliability of the mechanism
of negative magnetoresistance caused by the actual pumping of current carriers between the val-
leys of the conduction band, shifting along the energy scale in a quantizing magnetic field at different
“speeds”.

Note that with the help of uniaxial elastic deformation, the energy gap between the valleys can be
changed to a wider range than is achieved in quantizing magnetic fields and thereby verify the validity
of this interpretation of the observed negative magnetoresistance of n-type silicon at orientation
JI H Il [110].

The results of such experiments are shown in Figure 2. The data obtained on a uniaxially deformed
n-type silicon crystal proves that the decline in magnetoresistance (Fig.2, curve 1) is due to the interline
transition of electrons, which gradually disappears with an increase in mechanical stress (Fig.2, curves
4,6). In this case, the magnetoresistance is doubled in magnitude and the negative part of the curve
disappears completely. A low-amplitude magnetic resonance is observed on these crystals.
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Fig.2 Effect of uniaxial pressure X on the negative part of the magnetoresistance of n-type silicon at
- ;5 Pa
XIJ I H I [110](n, =4,1-10°sm™, T =77,4K); X107 —:1-X =0;2-1;2-3;4-5;5-6
sm

Conclusions

The increase in the magnetoresistance of silicon with uniaxial pressure is explained as follows.The satu-
ration of the longitudinal piezoelectric resistance of n-type silicon in the case of XJ || [110] is determined by
the formula derived by one of the authors [5-7]:

[P_x} _ 202k +1)

= 2
3 M () “
Using this formula, {’D—XJ =135 was calculated, which is in good agreement with the experimental
Po Jsar
value of magnetoresistance L&J =1,354 (Figure 2, curve 1)
o sat

Combining the ratio (1) and (2), we obtain an expression that allows us to calculate the longitudinal
magnetoresistance in saturation by the magnetic field according to the measurement data of the longitudinal
piezoresistance at strong single-bearing deformations [8, 9]:

P _ Sk +1)(k+2)

= . 3
Prse 2k(2k+1)Kk +5) ®
The calculated value according to the formula (3) Prioe _ 0,73, which gives a good agreement with
X —>o

the experimental value — 0.732, shown in Fig.2 (curve 5,6). This proves the increase in magnetoresistance
with uniaxial pressure.
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HedopmanusijianFan 6ip ocbTi N-THNTEC KPEeMHUUAIIH
00IJILIK MATHUTTIKKe/Aeprici

TeTenme jxarmailapia KpeMHHIZEri TaJbBaHOMArHUTTIK acepiiepii (COHBIMEH KaTap TeH30acepiepai)
3epTTey Oyin ocepiepliH MEXaHH3MJAEpiH aHBIKTall KaHa KoWMaid, TayccMeTpiepAi, HH(PaKbI3bUT
JNETEKTOpJIApAbl, ce3iMTal TeH300eprimTi, KYMIEHTKITepAi JkoHE KEH IKHUTK JHana30HBIHBIH
TeHepaTOpJIapbIH KYpyFa MYMKIHAIIK Oepeni. Tepic MarHUTTIKKeAEpri MEXaHM3MiHIH OEpiKTiIIri 3epTTeNneTiH
KpHCTaNAapaslH  OipochTi cepmiMai  OeopMamuschl  apKbUIbl  Tekcepiami. bipoceTi  medopmarus
3NEKTPOHIAPBIH aHFapapallblK aybICYbIH OOJIBIPMAlIbl, HOTHXKECIHIE TepiC MarHUTTIKKeaeprici 0ipochTi
KBICBIMHBIH JKOFapbUIaybIMEH J>KOMbUIagpl. MyHmail KpucTanmapiblH KyOTBIK CHMMETPHSCH OY3bUIFaH
JKaFIalaa aHu30TPONTHl KYObUIbICTap maiaa Oonanpl. KpeMHUHAIH OTKI3TIIITIK 30HACEIHAH U303HEPTHSUIBIK
0eTTiH KemaHFapibl CHIIAThl THUIMJI Maccachl MEH pellaKcalys yaKbITHIHBIH aHM30TPOIMSICHIH aHBIKTAMIbI,
Oy TaceiManaay KYOBUIBICHIHBIH €peKIIeNiKTepiMeH OailaHbICThl. ATam aWTKaHIa, MarHUTTIKKeIepri
(TIpe3oKenepri) N309HEPTEeTHKAIBIK OSTTiH aHN30TPONHSICHIHA €H ce3iMTan 0oibin Tadbutanbl. COHFBICHIHBIH
MarHUTTIKKEAeprire ocepi MarHUTTIKKEAEPri KaHBIKKAH KYIITI MarHWTTIK epicTep aiMaFblHAAa aWKbIH
KepiHelli, OiTKeHI OOMIBIK MarHUTTIKKEAEPTICi TONBIFBIMEH JJIEKTPOH KO3FAITFBIIIBIHBIH aHU30TPOIHSACHIHA
0aliIaHBICTHI.

Kinm ce30ep: ranpBaHOMarHuTTIK 3 deKTTep, Mbe30Keaeprici, Tepic MarHUTTI Keaeprici, 0ipockTi KbICHIM,
N309HEPTeTHKAIIBIK alilMaKapaJIbIK ©TyJIep, ailMaKTHIK KUBUIBICYJIAp, KPEMHHUIIII MarHUTTIK Keepri.

O.[. buroxa, A. K. Celitmyparos, JI.Y. TaiimypaTtoBa, b.K. Ka36ekosa, 3.K. Aiimaran0eroBa

IIpomosibHOE MATHUTOCONIPOTHBJIEHHE
OJITHOCHO-1€()OPMHUPOBAHHOT0 KPeMHHsI N-TUINA

M3yuenne rampBaHOMarHUTHBIX 3((GEKTOB (a Takke TeH303()(PEKTOB) B KPEMHHHU B 3KCTPEMAIBHBIX YCIOBH-
SIX TIO3BOJISIET HE TOJIBKO BBISBUTH MEXaHM3MBI 3THX 3((PEKTOB, HO M BO3MOXXHOCTD CO3/IaHUS TayCCMETPOB,
MH(PPAKPACHBIX JAETEKTOPOB, YyBCTBUTEIBHBIX TCH30JaTYMKOB, YCHIIUTENEH U TeHEPaTOPOB IIUPOKOTO Yac-
TOTHOTrO JIuana3oHa. HaaexHOCTh MeXaHu3Ma OTPHLATEIBHOTO MarHETOCOIIPOTHBIICHHS IPOBEPEHa C IIOMO-
IIBIO OJITHOOCHOT'O YIPYroro neopMHUpPOBaHUS UCCIENyeMbIX KpuctaiuioB. OHOOCHAs JedhopMalus UCKITIO-
YaeT MEXIOJIMHHBIC TIePEeX0/Ibl IEKTPOHOB, BCIEACTBUE YEr0 MCYE3aeT OTPULATENFHOE MarHETOCOMPOTHB-
JICHHE C yBEJIMYCHHEM OJHOOCHOTO maBiieHus. IIpyu HapymieHHHn KyOH4ecKod CHMMETPUH B TAaKHX KPHCTAM-
J1aX BO3HUKAIOT aHM3OTPOIHBIC SIBICHHS. MHOTOTOIMHHOCTh M309HEPTeTHUECKON IOBEPXHOCTH JHA 30HBI
MPOBOJVMOCTH KPEMHHS 00YCIIOBIMBACT aHU30TPOIHH 3()PEKTHBHONH MacChl M BPEMEHH pellaKCallny, ¢ KO-
TOPOH CBSA3aHBI OCOOCHHOCTH SIBIICHUS IIEpeHOca. B 4acTHOCTH, MarHETOCONPOTUBIICHHUE (ITb€30CONIPOTUBIIE-
HHE), KOTOpoe SBIsieTCs HauOosiee YyBCTBHTENIBHBIM K aHM30TPOIUH H30IHEPreTHYECKOH MOBEPXHOCTH.
BnusHue mocnenHeld Ha MarHeTOCONPOTHBIEHUE HauOojee OTUETIMBO BBLIBISCTCA B O0JACTH  CHIIBHBIX
MarHUTHBIX IOJIEH, IJie MArHETOCONPOTHBIICHUE HACHIIACTCS, TaK KaK IPOJ0JIbHOE MarHETOCONPOTHBIICHHE
BCEIeJI0 O0YCIIOBJICHO aHM30TPONUEH MOABHKHOCTH DJICKTPOHOB.
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Kniouesvie cnosa: raibBaHOMarHUTHBIC S(I)CPCKTH, II'bE30COIIPOTUBIIEHUE, OTPULATEIBHOEC MAarHUTOCOIIPOTUB-
JIEHUs, OJHOOCHOE€ MaBJICHUEC, H30OHEPIrETHYCCKOC MCEXKIOJIMHHBIC TMEPEXOAbI, IEPECCUCHUE TOJIUHBI,
KPEMHHUEBOC MarHUTOCOTIPOTHUBIICHUE.
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